ABSTRACT Series DC arc fault can cause fire hazards in the photovoltaic(PV) array. This paper proposes a time and time-frequency domain analysis method combining the loop current and the PV-side voltage for detecting the series DC arc fault. The fusion of the two different signals can enhance the anti-interference ability of the algorithm. In the time domain analysis, the conductance is put forward to represent the the circuit states. In comparison with some common feature characteristics including current and voltage, the changes of the conductance are more obvious when the arc occurs. In the time-frequency domain analysis, the Variational Mode Decomposition (VMD) is firstly adopted to extract the characteristic frequency band of the arc current signals. VMD can improve the quality of the frequency bands by conquering the modal aliasing and endpoints effects of some traditional modal decomposition algorithms. Then, shannon entropy of the corresponding frequency-band signals is calculated to reflect the variation of the signal complexity. Finally, the two optimal detection variable with rectangle window and the proper time window length are established to achieve the best identification results. In the experimental phase, the experimental results validate that the presented algorithm can not only detect the arc faults timely and accurately but also avoid the nuisance trips caused by the start and shutdown operation of grid-connected inverter with MPPT, the dynamic changes of load and shadow occlusion.
I. INTRODUCTION
During the last decades, the photovoltaic (PV) generation has become a prevailing trend. Recently, the PV industries are usually distributed in some remote and harsh environments. Duing the long-term operation of the PV array, it is inevitable to encounter some faults. Among the numerous possible faults, the line-to-line fault (LLF), line-to-ground fault (LGF) and arc fault (AF) are the three significant failures in PV arrays [1] - [7] . The arc fault is the most serious malfunction within three faults. The undetected arc fault in PV array can transform energy generated from PV array to a
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high-temperature ionized gas and cause fire hazards and serious damages to PV system components. The accidents caused by the arc faults promote the establishment and improvement of the relevant standards and codes. The National Electrical Code (NEC) implemented in 2011 requires the installation of arc fault circuit breakers (AFCI) in all photovoltaic DC systems over 80V. There are two typical arc fault types occur in PV system: series DC arc fault and parallel DC arc fault [8] . Parallel arcs occur when two conductors are brought into close proximity. The parallel arc fault generation usually results in a large amount of fault current emerging in the circuit. The current feature of the parallel arc fault is easy to be detected by the traditional protection devices [9] , [10] . Conversely, the characteristics of the series DC fault are less VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ obvious than the parallel arc fault in PV system. Especially, the series DC arc faults emerging in some low-irradiance or high-impedance conditions [11] , [12] . As the series DC arc fault is not sufficient to melt the fuses, the AFCI can not detect the series DC arc fault at the lower current than normal operating current levels. Therefore, the series DC arc fault may sustain a long time and bring a greater danger to a PV system [13] . Furthermore, the PV system outputs are nonlinear due to the varing meteorological conditions including the varing solar irradiance and environmental temperature. Meanwhile, the characteristics of series DC arc faults are also affected by the moving clouds and building shadows occlusion. In addition, the maximum power tracking (MPPT) of the boost circuit will adjust the voltage and current to approach the normal condition as much as possible after the arc faults occur. This function contributes to the nuisance tripping in this case. The failure tripping will bring a amount of energy loss in PV system and make conventional detection methods invalid. Consequently, more feasible and reliable measures should be studied for identifying arc faults and preventing nuisance tripping from fault-like conditions.
In order to improve the reliability and accuracy of arc fault diagnosis, numerous techniques have been put forward. The measured current and voltage of PV system are usually adopted as the fault feature quantities to characterize the arc faults [14] . Liu et al. proposed a time-domain fault diagnosis method of series AC arc faults and used three quantities including variance, covariance and the zero-crossing point number of the current signals to represent the arc faults [15] . A method that determining the arc faults in PV system by the modified Tsallis entropy of PV panel current is put forward in the paper [16] . In consideration of the highfrequency harmonics produced by the arc fault, Cao et al. presented an arc fault detection algorithm based on spectrum analysis [17] . The occurrence of an arc fault can generate electromagnetic radiation. The paper [18] adopts a fourthorder Hilbert curve fractal antenna to detect electromagnetic radiation of the arc fault. When the arc burns intensely, the simple methods can realize good detection results. While the arc is weak, the conventional arc feature characteristics in time and frequency domain are not so obvious that the arc fault can not be distinguished from the some fault-like conditions. To identify the arc fault generated in the low solar irradiance, the paper [19] propounds a category based on a new signal denoising method of wavelet-singular value decomposition (SVD) to detect the arc fault at a low current level.
For further mastering unique series DC arc fault features of PV system and preventing the arc-like faults from interfering with the arc fault detection, various fault diagnositic methods mixing time domain judgement with time-frequency domain criteria are presented [13] , [20] - [24] . In time domain, average current [20] , current change slope [13] , [20] , current polarity [20] , the current difference [23] are usually chosen as the feature characteristics of the arc faults. In frequency domain, Fast Fourier Transformation (FFT) [13] , [20] , Short-Time Fourier Transform (STFT) [24] are adopted to extract the feature characteristics. Considering that the frequency band of the arc fault is mainly concentrated in [10, 100k] hz, Discrete Wavelet transform (DWT) [21] , [23] , Wavelet Packet Transform (WPT) [22] are used to acquire the corresponding frequency bands and calculate the corresponding arc feature characteristics. WPT and DWT are the multi-resolution analysis algorithms that the window functions of them are adjustable. These two algorithms can give better frequency resolutions for both high-frequency components and lowfrequency components than FFT and STFT. Although the DWT and WPT own certain advantages, their effects are greatly affected by the choice of the wavelet basis and the number of the decomposed layers. Compared with DWT and WPT, some new signal adaptive decomposition methods, including Empirical Mode Decomposition(EMD), Local Mean Decomposition(LMD) and so on, do not require the basis functions, so they are intuitive and adaptive. These mode decomposition methods have been widely used in the adaptive decomposition of nonlinear and non-stationary signals. They are all recursive mode decomposition and this point causes them to have modal alising and endpoint effects [25] , [26] . The machine learning methods based on deep learning including Full Connected Neural (FCNN), Convolutional Neural Networks (CNN), Generative Adversarial Networks (GAN) are also applied in series DC arc fault detection of photovoltaic array [24] , [27] - [30] . However, the machine learning algorithms require huge data in the training phase. The datasets should cover different cases, such as different operating conditions, different meteorological parameters. So the training processes are time-consuming [1] , [3] . Furthmore, the computational burden is heavier for a very large PV arrays and the training paremeters, such as learning rate, should be selected very carefully to avoid over-fitting [6] . In all, although the machine learning approaches are good trends, they still need further development.
Overall, to address the issues mentioned above, this paper presents an original time-frequency domain category based on VMD for detecting the series DC arc fault. VMD is a new mode decomposition algorithm that is suitable to decompose the nonlinear signals into a series of intrinsic mode fuctions (IMFs) and it also can reduce the effect of noise and satisfy the mono-component requirement by the instantaneous frequency estimation. Using VMD for the mode decomposition can extract the corresponding frequency bands more exactly than the traditional mode decomposition methods including DWT and WPT.
The rest of the paper is organized as follows: section II shows the fundamental concepts including VMD, principle and Shannon entropy. The descriptions of the proposed algorithm and the experiment validation are introduced in section III. Then using the proposed algorithm to analyze three typical series DC arc faults with different current levels and several fault-like conditions in section IV. Finally, the last section summarizes the paper and draws the conclusions.
II. FUNDAMENTAL CONCEPTS OF VMD, SHANNON ENTROPY AND 3σ PRINCIPLE A. VARIATIONAL MODE DECOMPOSITION
A short recapitulation of VMD is given in this section. VMD is a new adaptive multi-component signal decomposition method of non-stationary signals that can decompose a complex signal f into several Intrinsic Mode Functions (IMF) u k (t) with sparse properties and band-limited frequency bands around its center frequency ω k . The process of VMD is non-recursive, thus this algorithm can effectively avoid numerous deficiencies of the recursive decomposition methods including the endpoint effects and the modal aliasing problems [31] - [33] . In the initial step of the algorithm execution, the number of the IMFs are set to K.
The VMD algorithm is the calculation process of a constrained variational problem. This constrained variational problem is shown as equation (1).
where
and ω k is the kth IMF and the corresponding center frequency, respectively. In the next step, transforming the above constraint condition and variational problem as equation (2) by the Lagrange multiplier method and quadratic penalty function.
where, λ is the Lagrangian multiplier and α is the penalty factor of the data-fidelity constraint. The IMF u k (t) and center frequency are writen as:
Then, using the alternate direction method of multipliers (ADMM) to solve equation (2) and acquire the saddle points which are the optimal solutions of the equation (3) to update u k and ω k shown as (5) and (6) .
After the update of u k and ω k , the largrangian multiplierλ also needs to be updated by the equation (7).
Finally, the iterative update steps are finished until meeting the rule in (8) .
and the original signal is decomposed into K narrow-band IMF components.
B. SHANNON ENTROPY
Shannon entropy is a measure that widely used in a majority of fields to present the signal complexity recently [34] , [35] .
In the process of the entropy calculation, the time series of the signals are divied into several limited states with the probability P i (i = 1, 2, · · · , n) of each state and the Shannon entropy is calculated by the equation (9).
where 0
In this paper, the Shannon entropy is used to describe the current complexity. After the arc fault emerging, the high frequency noise is injected into the current signals and the entropy of the current increases sharply. Therefore, the Shannon entropy can be used as a sign of the arc generation.
C. 3σ PRINCIPLE
The 3σ principle is a common tool to judge abnormal conditions [36] . Generally, the normal current and voltage data of PV array can be considered to obey a normal distribution. According to this criterion, the values of current and voltage data are mostly distributed in the range (ω − 3σ, ω + 3σ ), ω represents the mean of the loop current and σ is the standard deviation of the data. The abnormal condition emerges once the value of the corresponding signal exceeds its normal criterion.
III. EXPERIMENTAL INVESTIGATION OF PHOTOVOL-TAIC SERIES DC ARC FAULT AND FEATURE CHARACTERISTIC ANALYSIS
In this section, a new arc generation and data collection system is built for emulating and collecting the corresponding arc fault signals. The arc feature characteristics are analyzed and the corresponding arc judging criteria in time domain and frequency domain are obtained.
A. EXPERIMENT PLATFORM AND DATA COLLECTION
The (a) in Fig.1 summarizes the whole platform of the arc fault generation and the data collection. In this platform, the PV array contains one string with 4 modules.The specific operating system is introduced in (b) in Fig. 1 . The key parameters of the PV module are listed in Table 1 . The series arc fault generation device (SAFGD) is designed and built up based on the standard UL1699B and the structure is shown in the lower right corner of (b). The SAFGD is comprised of two copper electrodes that one is stationary and the other is a movable electrode driven by the srew set with a step motor. The arc fault generated in the DC-side bus of the PV system is simulated and realized by the step motor pulling the movable copper out with a certain speed and a suitable distance. In the experimental process, the datasets of the loop currents, the PV-side voltages and the inverter-side voltages are collected for arc fault detection.
In order to verify the feasibility and applicability of the arc fault detection algorithm, the different solar irradiance and environmental temperature conditions are emulated and the corresponding arc fault datasets of three different current levels including 6.7A, 3.6A, 1.6A are collected and analyzed. The details of the acquired data before and after the arc generation are shown in Fig. 2 . The signals of the current In addition, the fault-like conditions including the on and off state transition of the 5-KW inverter with MPPT, dynamic movement of shadows, the effect of the load change on the arc fault signals are also simulated in the field experiment for verifing the robustness of the proposed algorithm.
(a) in Fig. 2 shows the acquired signals at 6.7A current level including the loop currents, PV-side voltages and the inverterside voltages. The traces contain three processes: the normal process, the electrode moving process and the stable arcing process. (b) and (c) are the traces of the collected data at 3.6 current level and 1.6 current level, respectively. At the low current level, the arc is hard to sustain burning for a long time and the initiation stages of the arc fault, namely the electrode moving phase, are usually very short.
It is found that the current and the PV-side voltage in Fig. 2 change in opposite directions. The current declines and PV-side voltage increases sharply when the arcs occur, but the inverter-side voltage shows little difference with the change of arc current. Therefore, the current and PV-side voltage signals are suitable to be used for analyzing and detecting the arc faults. Meanwhile, the signal noise increases significantly after the arc generation. Therefore, the feature characteristics are concentrated in time and time-frequency domain of the signals. The feature characteristics of the arc in time and timefrequency domain are need to be studied for obtaining the arc diagnostic criterion. In consideration with the interference of the fault-like condition on the arc fault diagnosis results, the final detection criterion should meet the principle that it can not only diagnose the typical arc fault but also discriminate the arc faults and the fault-like conditions.
B. FEATURE EXTRACTION IN TIME DOMAIN
When the arcs appear, the amplitudes of the signals change dramatically in a short time. The papers [11] - [15] have adopted the conventional feature quantities including the current difference, variance, energy, modulus maximum and so on to characterize the dynamic characteristics of the series DC arc fault. When the series DC arc fault occurs in a high solar irradiance level, there is a significant difference between the non-arcing stage and the stable arcing stage. However, the arc generating in a low irradiance level will lead to a high malfunction rate and the representation abilities of the traditional quantities in time domain will decline. Considering with the changing amplitudes of the currents and the PV-side voltages in the photovoltaic system are and the opposite changing directions, the conductance is propounded in the equation (10) to represent the changes of the signal. Meanwhile, the current drops drastically but not drops to zero, Therefore, the arc fault judging criterion in time domain is proposed in the formulas (11) . (11) where X m is the conductance of the PV system. I PV ,m and V PV ,m represent the loop currents and the voltages at the PV-side bus; m is the serial number of the time window; I sensor is the output values of the current probe in no current conditions of the circuit system; σ I sensor is the standard deviation of I sensor . The equation (11) contains three formulas.The first formula is used to describe the drop behavior of the conductance. When the arc occurs, the conductance in the new time window m is beyond the conductance in the m − 1 time window; the second formula represents the opposite changing directions of the current and PV-side voltage; the third formula indicates that the loop current does not become zero after the arc generation. In practice, the signals acquired by the current sensor contains the sensor's own noise. Therefore, when the current in the m time window falls below the 3σ threshold of the current sensor, the current can be considered as zero in this time window.
Compared with some conventional feature quantities, the conductance can improve the discrimination degree between the normal state and the arc state by enhancing the changing amplitudes of the state transition. It can be used as a criterion for fault diagnosis.
The arc generation also brings the high frequency noise into the photovoltaic grid-connected system, the timefrequency domain feature analysis should also be executed to further guarantee the accuracy of fault detection.
C. FEATURE EXTRACTION IN TIME-FREQUENCY DOMAIN
The current and voltage traces of the arc event in Fig. 2 show that the series DC arc currents and PV-side voltages at different current levels own chaotic and dynamic characteristics.
The arc generation can inject the high frequency noise into the photovoltaic grid-connected system, thus the signals acquired in the arc fault stage are random and drastically fluctuating. The feature characteristics of the arc faults are concentrated in the frequency band [10 100K ]hz. In order to extract the corresponding frequency band, the current signals should be decomposed to extract the characteristic freuqency bands. Variational Mode Decomposition (VMD) is firstly put forward in this paper to decompose the current signals to acquire the feature characteristics in time-frequency domain before and after arc generation. This mode decomposition method can reduce the influence of the low and high frequency signals. Compared with DWT and WPT, VMD can also overcome the mode aliasing problem and the endpoints effects in the mode decomposing process. Moreover, the IMF number determination of VMD is more flexible than DWT and WPT. This feature indicates that VMD can better extract the fault characteristic bands than the other modal decomposition methods. After the signals are decomposed to several IMFs, the frequency band with the most obvious features is chosen for the entropy calculation.
Shannon entropy is usually used as the evaluation criterion of the signal complexity. The current signals fluctuate intensely after the arc occurrence. In order to highlight the changes of the current signal before and after the arc generation, the current entropy of the chosen frequency band are calculated to reflect the complexity of the signal.
Therefore, the judging criterion in time-frequency domain is designed as the formula (12) . where EN m is the current entropy in the m time window, EN 1:m−1 represents the entropy set from the first time window to the time window m − 1. The entropy is calculated with the window moving step by step. When the entropy values of the chosen frequency band are beyond the upper limits of principle, the arc faults happen.
IV. THE ARC FUALT DETECITON PROCESS AND THE FAULT-LIKE CONDITIONS ANALYSIS A. ESTABLISHING THE DIAGNOSTIC ALGORITHM OF THE ARC FAULTS
The occurrence of the series DC arc faults have obvious feature changes in time and time-frequency domain. For improving the diagnostic accuracy, two proposed criteria (11) and (12) should be fused to judge the arc generation and further used to verify the anti-interference ability of the proposed algorithm. When the feature quantities in two domains exceed the threshold values at the same time window, the arc fault will be confirmed. The flowgram of series DC fault detection is shown in Fig. 3 . In order to verify the effectiveness and robustness of this fusion algorithm, the four conditions need to be considered and validated. These conditions contain the interference of the different meteorological factors and three fault-like traps including the start and shutdown of the converter with the maximum power point tracking (MPPT), the dynamical changes of load, the dynamic shadow occlusion. The remaining three kinds of fault-like traps exhibit resemblance to the arc faults. In the next contents, the feature characteristics of these four conditions in time and time-frequency domain are analyzed and the arc fault judging principle is verified. 
B. DETECTING THREE TYPICAL ARC GENERATION AT DIFFERENT METEOROLOGICAL CONDITIONS 1) THE TIME DOMAIN ANALYSIS
With the change of the solar irradiance and temperature, the PV array outputs a nonlinear curve. Fig. 4 , Fig. 5 and Fig. 6 represent the transition processes of the conductance from the normal states to the arc states at different current levels. In these figures, the red lines are the 3σ upper and lower limits of the signals; the yellow lines are the mean values of the conductance traces; the pink lines represent the limits of the conductance at the last time window before the arc generation and the indigo lines represent the conductance traces. The arc conductance traces contain three typical stages shown in the Fig. 3 . In the normal stage, the signals are relatively stable and the background noise is at a low level. The fluctuations of the current and voltage are mostly generated by the rectifier and data collection device. The signals at this stage are consecutive and the two boundaries of the 3σ principle are calculated along with the sliding operations of the window function. When the arc fault occurs, a sharp drop of the conductance is produced and the changing amplitude of the conductance mean value is beyond the threshold. During the electrode moving stage and the arc continuous combustion phase, the mean value of the conductance signal is lower than the lower limit of the the 3σ principle before the m time window.
In this data analysis process, the judging criteria are calculated along with the time windows sliding operations. The time window type and the length of time window can influence the identification results. The rectangle window is chosen as the suitable time window. Several trials are carried out to obtain an appropriate length of time window and the time window including 10000 sampling points is adopted as the proper window length. As the sliding window updates the threshold values step by step, the mean value of the conductances in the new time window are lower than the lower limit of the former sliding window at different currrent levels when the arc faults occur. Therefore, the detection method using the conductance traces to indicate the generation of the arc fault is suitable in the daily varing meteorological conditions.
In contrary, some fault-like traps can also lead to the similar phenomenon of the signal changes. Thus, the sharp drop of the conductance in time domain is not the sufficient criterion of the arc fault. So it is not enough to use only one tool in time domain to determine the occurrence of the arc faults.
2) THE TIME-FREQUENCY DOMAIN ANALYSIS
(a) in the Fig. 7, Fig. 8 and Fig. 9 are three IMFs of three different current level signals. Using the sliding window with 10000 sampling points to intercept the current data and adopting the time window with 1000 points to decompose this part of current data. Then, the characteristics of the current signal changes in three frequency bands are calculated. The (b) in the Fig. 7, Fig. 8, Fig. 9 show the entropy traces of the IMF2s at different current levels, respectively. The indigo lines are the shannon entropy and the red lines represent the 3σ upper and lower limits of the normal current entropy. The results show that the entropy values increase sharply when the arc faults occur. Three figures indicate that the entropy in time-frequency domain can reflect changes of the arc fault well regardless of the current levels. In order to improve the robustness of the algorithm and avoid the interference of the fault-like conditions, the time criterion and time-frequency criterion need to be fused to VOLUME 7, 2019 FIGURE 9. The time-frequency domain analysis of the current trace and the entropy calculation.
identify three arc fault events at three different current levels and the diagnostic results are shown in Fig. 10 . The third graphs of each figure reprensent the diagnostic results at three current levels and The value 1 represents the arc event and the value 0 is normal.
The diagnostic results in the Fig. 10 shows that the proposed algorithm can identify the arc accurately with the time window sliding. In order to verify the scability and robustness of the algorithm, the anti-interference of the proposed algorithm to some fault-like traps should be further studied.
C. THE START AND SHUTDOWN OF THE CONVERTER WITH MPPT 1) THE TURN ON OF THE CONVERTER
When the converter is turned on, it takes a few seconds to connect to the utility grid. Before synchronizing with grid, no current flows from the PV array and the PV-side voltage are open circuit voltage. In this time period, the conductance shown in Fig. 11 declines to zero and the current entropy trace of IMF2 shown in Fig. 12 have no obvious climbing or falling conditions. The proposed criterion can detect this fault-like type easily. Fig. 13 is the final diagnostic result using the proposed algorithm.
2) THE ACTIVITING PROCESS OF MPPT
After activating the MPPT of the converter, the current increase rapidly. The current, PV-side voltage and the conductance traces are shown in Fig. 14 . The current increases and the voltage declines. These changes are different from the arc fault and the varing direction of the conductance in this case is contrary to the arc condition, this fault-like type be identified simplely. Fig. 15 is the final diagnostic result using the proposed algorithm. declines and PV-side voltage increases sharply. Therefore, the conductance drops rapidly when the arc emerges. As the features are similar to the arc fault, the varing conductance can not determine the arc generation. The time-frequency domain analysis is used to further verify the result. The Fig. 17 shows three IMFs decomposed by VMD, IMF2 is chosen as the major frequency band to calculate the current entropy. As time goes on, the entropy values of IMF2 in Fig. 17 increase gradually. When the converter is off, the changing conditions of the conductance in time domain and the current entropy in time-frequency domain are very similar to the arc fault characteristics. Consequently, only using the conductance in time domain and the current entropy in time-frequency domain can not identify the arc fault easily. However, this fault-like condition exhibits its unique fault characteristics that the current and conductance become zero after disconnecting to the utility grid.
Therefore, the third formula in the equation (11) can remove this fault-like condition and avoid this false judgement. Fig. 18 is the final detection result using the proposed algorithm.
D. VERIFICATION IN THE CASE OF RAPID LOAD CHANGES
In this section, the case that the rapid load changes in off-grid state is studied. This fault-like condition contains two situations: the permenant load changes and the intermittent load changes. In this experiment, the 150 and 200 resistors are chosen as the system loads. sliding operations. The changing tendency of the conductance is also not a standard for troubleshooting. The time-frequency analysis is carried out to judge the occurrence of the arc fault. In the corresponding frequency band IMF2, the entropies are calculated with the time windows sliding. When the entropy is beyond the upper limit of the 3σ criterion, the arc emerges. In contrary, the current entropy of IMF2 shown in Fig. 20 and Fig. 23 decline when the arc appears. These features indicate that the two conditions are not arc events. The proposed timefrequency diagnostic criterion can distinguish between these rapid load changing conditions and the arc faults. Fig. 21 and Fig.22 are the final diagnostic results calculated by the proposed algorithm. 
E. VERIFICATION IN THE CASE OF RAPID DYNAMIC SHADOW CHANGES
The shadow occlusion is another fault-like condition. This fault-like condition contains two parts: the permenant shadow occlusion and the intermittent shadow occlusion. In these situations, the development of the current and voltage traces in time domain and time-frequency domain is similar to the arc fault ocurrence. Fig. 25 and Fig. 28 are the cases that the PV array suffers the permanent shadow occlusion and the repeated shadow occlusion in the connected-grid state. These fault-like conditions are emulated by the occlusion operations of a big cardboard. The changes of the conductance in time domain (Part 3 in Fig. 25 and Fig. 28 ) and the current entropy in time-frequency domain ( Fig. 26 and Fig. 29 ) are similar to the arc fault. Obviously, only using the conductance in time domain and the current entropy in time-frequency domain can not separate the arc faults from these fault-like conditions clearly. Given that the changing directions of the currents and voltages are identical. when the arc occurrs, this nuisance tripp can be resisted by judging the switching directions of the current and voltage mean values with the time windows sliding. This is the second judging criterion in the equation (12) and the final diagnostic result is shown in Fig. 27 and Fig. 30 . In order to further validate the proposed algorithm, 6 kinds of operating conditions including arc fault condition and five fault-like conditions are emulated. In this experiment, each sample collected with 200khz sampling rate is 5s and every kind of operating conditions constains 50 samples. Then, the proposed algorithm is adopted to analyze these time series and the results are shown in Table 2 .
1) THE PERMENANT CHANGE OF THE SHADOW OCCLUSION 2) THE INTERMITTENT CHANGE OF THE SHADOW OCCLUSION
The diagnostic accuracy of the arc faults is 98%. It is found that the unidentified arc fault is the arc flash. The arc flash is the arc fault that lasting a very short time period in comparison with the sliding windows of the proposed algorithm and this leads to the condition that the proposed algorithm can not identify the arc flash. However, the proposed algorithm can exclude all the fault-like conditions. It also verifies that the proposed algorithm is reliable and effective. 
V. CONCLUSION
The arc physical process owns the chaotic and dynamic nature. In the transition process from the normal state to the arc fault stage, the current declines and the PV-side voltage increases. According to the changing condition of the current and voltage, the conductance is proposed to represent the change of the signals. The switch of conductance is more obvious during the state transitions. It is more suitable to describe the state transition than some traditional feature characteristics including current and voltage in time domain. In consideration with the interference of the fault-like conditions, the arc features in time-frequency domain are studied to further represent the arc fault states. VMD is firstly put forward to decompose the original current signal in PV series DC arc fault diagnosis and extract the frequency band with the most obvious characteristics in the signal switching process. VMD can improve the mode aliasing problems and the endpoints effects. In the process of extracting the arc features, VMD only need to decompose three modes to extract the characteristics of the signal switch and the IMF2 is chosen as the suitable IMF. The shannon entropy of IMF2 is propounded to describe the switch of the signal complexity.
When the arc appears, the value of entropy exceeds the criterion. Then, a series arc fault detection algorithm that integrating feature quantities in time domain and time-frequency domain for PV array is put forward.
In order to avoid the interferences of the fault-like conditions to the arc fault diagnosis and confirm the feasibility of the proposed diagnostic algorithm, three different fault-like conditions are analyzed deeply. The judging criteria including the amplitude values and the current and PV-side voltage switching directions are added in the time and time-frequency domain links. The addition of this judging links improves the diagnostic accuracy of the fault-like traps.
Finally, the experiments are conducted to verify and confirm that the proposed algorithm is a proper and robust fault diagnostic algorithm regardless of the nuisance trips.
